The expression of leptin and its receptors was examined by reverse transcriptase-polymerase chain reaction and immunofluorescence in granulosa and cumulus cells of pre-ovulatory follicles and in meiotically mature oocytes obtained from women undergoing in-vitro fertilization. Leptin concentrations were measured in newly aspirated follicular fluids and in maternal serum before and after the administration of an ovulatory dose of human chorionic gonadotrophin. The findings demonstrate leptin expression at the mRNA and protein levels by granulosa and cumulus cells, and the presence of leptin in mature human oocytes. While an association between follicular leptin concentration and embryo development was not observed, a postovulatory increase in serum leptin concentration was associated with implantation potential. The results are discussed with respect to possible roles of leptin in early human development.
Introduction
and its receptors in both long (OB-R; Tartaglia et al., 1995) and short (B219, Types 1 and 3; Cioffi et al., 1996) isoforms Leptin, a 16 kDa protein product of the obese gene (ob) was examined in granulosa cells, cumulus oophorus cells, and (Zhang et al., 1994; Halaas et al., 1995) has been suggested mature oocytes by immunofluorescence and reverse to have a critical role in the regulation of fat deposition and transcriptase-polymerase chain reaction (RT-PCR). Our data metabolism (Hamilton et al., 1995; Lonnqvist et al., 1995) .
indicate that the pre-ovulatory human ovarian follicle may be Leptin is secreted primarily by adipocytes and is thought to a significant site of leptin synthesis and that its concentration act as an afferent signal in a feedback loop involving the in follicular fluid is both patient-and follicle-specific. The hypothalamus such that food intake and energy expenditure leptin receptor long and two short isoforms are expressed in are regulated to limit fat accretion (Pelleymounter et al., 1995) . both granulosa and cumulus oophorus cells, and metaphase II In addition to being grossly obese, female mice homozygous (MII) stage oocytes stain positively for leptin. No direct for mutations in the ob gene are sterile, although fertility can association between leptin concentrations in follicular fluid be restored by the administration of leptin (Chehab et al., and either the aetiology of infertility or outcome after embryo 1996). Leptin receptors are expressed in the hypothalamic transfer could be established. However, a 2-3-fold increase in region of the brain (Vaisse et al., 1996) suggesting that the leptin concentration of maternal serum between ovulation this hormone may be involved in the regulation of the induction and ovum retrieval appears to be associated with hypothalamic-pituitary axis controlling gonadotrophic horpatient-specific implantation potential. mone release (Chehab et al., 1996) . While an association between body fat and reproductive competence has been clinically recognized for some time (Frisch, 1987; Homburg, 1996) , it is unknown whether leptin has a direct role in the Patient characteristics, IVF protocols, and granulosa and reproductive physiology of the adult ovary. We have previously
Materials and methods

cumulus cell derivation
shown by Northern blot analysis that significant levels of Leptin values were measured in maternal serum and follicular fluid leptin receptor (B219, OB-R) expression occur in the human from 26 IVF patients aged 28-41 years (mean age, 33 years) who ovary and testis (Cioffi et al., 1996) suggesting that leptin may presented with the following infertility diagnosis: (i) unexplained, have a direct effect on the function of these reproductive n ϭ 9; (ii) endometriosis, grades 1 and 2, n ϭ 6; (iii) blocked or organs.
damaged Fallopian tubes, n ϭ 7; (iv) male factor, n ϭ 4. None of Here, we assessed whether leptin may be involved in the the patients in this cohort had detectable pituitary or hypothalamic development of the human pre-ovulatory follicle by measuring dysfunction, all were ovulatory and were of appropriate age with leptin concentrations in the circulating blood and pre-ovulatory respect to weight and body mass index (BMI, calculated as described follicular fluids of women undergoing in-vitro fertilization by Considine et al., 1996) . Baseline oestrogen, progesterone, and follicle stimulating hormone (FSH) concentrations were determined (IVF) as a treatment for infertility. The expression of leptin at the beginning of the treatment cycle (day 2 or 3). Ovarian cells were lysed in a guanidinium solution containing phenol and chloroform. Total RNA was precipitated from the aqueous phase with stimulation in all cases involved gonadotrophin-releasing hormone (GnRH) agonist suppression with leuprolide acetate followed by isopropanol. The RNA was resuspended in diethylpyrocarbonate (DEPC)-treated distilled water. RNA was added at 1 µg/20 µl of follicular stimulation either with follicle stimulating hormone (n ϭ 11) (FSH, Metrodin; Serono, Randolph, MA, USA) or FSH and random hexamer primed reverse transcription (RT) cDNA synthesis reaction. Control RT reactions which did not contain reverse tranhuman menopausal gonadotrophin (n ϭ 15) (HMG, Pergonyl; Serono), and ovulation induced with 10 000 IU of human chorionic gonadoscriptase were also performed for each of the experimental samples. RT reactions were incubated at room temperature for 10 min, 42°C trophin (HCG) on day 11, 12 or 13 of the cycle. Samples of maternal serum were routinely obtained at 08:00 on the day of for 15 min, 99°C for 5 min, and a 4°C hold. All PCR reagents were supplied by Perkin Elmer (Foster City, CA, USA). HCG administration and at the time of ovum retrieval (07:00). All transvaginal ovum retrievals were performed under ultrasound PCR reaction conditions guidance 36.5-37 h after the administration of HCG. Granulosa cells and follicular fluids from follicles sized 17-21 mm in diameter in
The quality of each cDNA and control cDNA was determined by the which an oocyte was identified were retained for analysis. Follicular relative level of amplification of the β-actin gene. The DNA sequence fluids were centrifuged at 3000 g for 10 min and the clear supernatant of the β-actin primers was: (forward) 5Ј-GTGACGGCCCAGAGCstored at -70°C. Sheets of granulosa cells free of evident thecal AAGAG-3Ј and (reverse) 5Ј-AGGGGCCGGACTCATCGTACTC-3Ј. vessels were extracted individually from follicular fluids with little
The forward primer sequence for all B219 isoforms was 5Ј-or no red blood cell contamination as described in detail previously GACTCATTGTGCAGTGTTCAG-3Ј. The reverse primer sequence (Van Blerkom et al., 1997) . Granulosa cells were washed several for B219 type 1 was 5Ј-'TAGTGGAGGGAGGGTCA-3Ј, and for times (10 ml/wash) in protein-free phosphate-buffered saline (PBS), B219 type 3 was 5Ј-TGGCACATTGGGTTCATCT-3Ј. RT-PCR vortexed, centrifuged at 100 g, and the pellets resuspended in 0.5 ml primers used to amplify OB-R (long form B219) were (forward) RNAzol (Biotecx Laboratories, Houston, TX, USA), or placed on 5Ј-GCTATTTTGGGAAGATGT-3Ј and (reverse) 5Ј-TGCCTGGGCCglass coverslips and cultured for an additional 12-96 h for immuno-TCTATCTC-3Ј. Primers for leptin analysis were (forward) 5Ј-CCAAfluorescence analysis as described below.
AACCCTCATCAAGAC-3Ј and (reverse) 5Ј-CACCTCTGTGGAccording to protocol, MII stage oocytes which contain spermato-AGTAG-3Ј. Ethidium bromide staining and agarose gel electrophorzoa either on or in the zona pellucida were transferred to fresh culture esis confirmed the expected 934 bp product of the β-actin, 810 bp 3-10 h after insemination. Cumulus cells that formerly surrounded product for the B219 type 1, 720 bp product for B219 type 3, 501 bp the oocyte occurred as small free floating aggregates at 3 h, or as product for OB-R (B219 long form) and 338 bp product for leptin. sheets of cells firmly attached to the plastic surface of the tissue culture dish at 8-10 h. The cumulus cell masses collected at 3 h were Leptin immunofluorescence gently rinsed several times in PBS, as were those obtained at 8-10 h, Granulosa and cumulus cells were grown on cleaned, untreated glass which were detached from the culture dish by means of a glass coverslips in Dulbecco's modified Eagle's medium (DMEM)/ Ham's micropipette whose drawn out tip had been melted into a small, solid F-10 (50/50) (Gibco BRL, Grand Island, NY, USA) supplemented ball. These cells were either replated onto glass coverslips for analysis with 10% fetal bovine serum (Gemini Bioproducts, Calabasas, CA, by immunofluorescence (see below) or dissolved in RNAzol. For USA) and 10 µg/ml gentamicin (Gibco BRL). Prior to fixation, cells male factor cases that required intracytoplasmic sperm injection were washed three times with PBS at 37°C. Cells were fixed in PBS (ICSI), the cumulus cells were dispersed from the oocyte by exposure containing 3.7% formaldehyde for 20 min at room temperature. After to hyaluronidase (150 IU, 3 min) followed by mechanical passage of fixation, cells were permeabilized by incubation in a detergent solution the oocyte through a glass micropipette to remove residual coronal containing 0.1% Triton X-100 and 0.1% Nonidet P-40 (Sigma cells. The enzymatically dispersed cells were washed several times Chemical Co, St Louis, MO, USA) in PBS for 20 min at room in culture medium, centrifuged, resuspended on glass coverslips, and temperature. Permeabilized cells were placed in a PBS solution fixed 12-96 h later. The methods of insemination and embryo culture, containing 1% bovine serum albumin (BSA) and incubated at 4°C including sperm density, duration of exposure, intracytoplasmic for 1 h. After transfer to a fresh solution of PBS-1% BSA for an insemination, assessment of oocyte and embryo appearance, and additional hour, cells were treated with antibody, or were stored in timing of embryo transfer, followed protocols described in detail this solution for several days at 4°C. Prepared cells were incubated previously (Van Blerkom et al., 1995) .
at 4°C for 8 h or overnight with solutions of primary antibody against leptin , Santa Cruz Biotechnology Inc., Santa Cruz, Leptin concentrations in follicular fluid and plasma CA, USA], or with solutions containing non-specific immunoglobin Leptin concentrations in follicular fluid and maternal serum were molecules as controls. All antibodies were used at a concentration of determined by radioimmunoassay (Linco Research, St. Louis, MO, 1 µg/ml and were prepared in PBS-2% BSA. After two washes in USA) according to a protocol developed by this commercial laboratory PBS-1% BSA, cells were then incubated in PBS containing 10% (Zhongmin et al., 1996) . The minimum detectable concentration of goat serum for 1-2 h at room temperature to block non-specific, leptin was 0.5 µg/l and the limit of linearity was 100 µg/l. The secondary antibody binding. After a final wash in a solution of PBSantibody used was a polyclonal antibody raised in rabbits against 1% BSA, cells were incubated with the secondary antibody for 2 h highly purified recombinant human leptin. Replicate analyses were at 4°C. For leptin and leptin control cells, a 1:200 dilution of goat performed on representative samples from each patient. The variance anti-rabbit fluorescein isothiocyanate (FITC)-conjugate (Sigma) was between replicate samples run at the same time was Ϯ1.5 ng.
used as a secondary antibody, prepared in PBS-2% BSA. Coverslips were then washed three times with a solution of PBS-1% BSA and Expression of leptin and its receptor in granulosa and were mounted on slides in a glycerol/PBS solution (50/50) and cumulus granulosa cells examined under epifluorescent illumination. Nine human MII stage oocytes were donated for research by five RNA extraction and cDNA synthesis Total RNA from granulosa and cumulus cells was extracted using patients. These oocytes were prepared for anti-leptin immunofluorescence as described above for granulosa and cumulus cells, with the the manufacturer's recommended procedure for RNAzol. Briefly, FSH ϭ follicle stimulating hormone; HCG ϭ human chorionic gonadotrophin; E ϭ endometriosis; U ϭ unexplained infertility; T ϭ tubal factor; M ϭ male factor; P ϭ pregnant; NP ϭ no pregnancy.
exception that the permeabilization step was increased to 1 h. The patient-and follicle-specific, although leptin concentrations zona pellucida was removed mechanically after fixation.
within each cohort of follicles tended to be very similar. Typically, the difference between the highest and lowest leptin
Statistical analysis
concentration observed in any particular cohort was~2-fold, All data was analysed by a two-tailed Student's t-test. Results were with the highest values occurring in only one or two follicles considered significant when P Ͻ0.05. Unless a P value is given in (Table I ). For 20 of the 26 patients (77%) included in this the Results, the described differences were not significantly different.
study, the concentration of leptin in maternal serum increased 2-3-fold in the 36.5-37 h between ovulation induction with
Results
HCG and follicular aspiration for IVF (Table I) . For six patients, the increase in maternal serum leptin values was Leptin concentrations in pre-ovulatory follicle fluid negligible during this period. The concentration of leptin in and maternal serum maternal serum and follicular fluid at ovum retrieval was Maternal age, infertility diagnosis, total FSH administered patient-specific and unrelated to BMI, the aetiology of infertilduring the follicular phase, the concentration of serum oestraity, protocol of stimulation, baseline FSH or oestrogen concendiol at ovulation induction, and outcome after IVF/embryo trations measured at the beginning of the cycle, the amount of transfer for the 26 patients included in this study are presented FSH administered during the follicular phase, serum oestrogen in Table I . Baseline FSH and oestrogen concentrations or progesterone concentration at ovulation induction, or the measured at the beginning of the IVF cycle (days 2 or 3) were number of fertilized oocytes and cleavage stage embryos within normal range (FSH 5-10 IU, oestradiol 30-98 ng/ml).
that resulted. Table I also shows the leptin concentration in: (i) maternal RT-PCR analysis demonstrated that leptin and two forms serum at the time of ovulation induction (pre-HCG) and ovum of its receptor (B219 Types 1 and 3) are expressed at the retrieval (36.5-37 h post-HCG); and (ii) in the fluid aspirates mRNA level in granulosa and cumulus cells aspirated several of follicles from which an oocyte was retrieved. Leptin h prior to ovulation from fully-grown human ovarian follicles concentrations were determined by radioimmunoassay for 248 (Figure 1) . Anti-leptin immunofluorescence demonstrated the follicles of similar size (18-22 mm) and volumes (2.5-4.5 ml)
presence of leptin in all granulosa (Figure 2 ) and cumulus cell at the time of ovulation induction. The variance between cultures (Figure 3 ) examined either directly after retrieval or replicate samples assayed at the same time was Ϯ1.5 ng/ml. The findings demonstrate that leptin concentrations are both after~12-96 h of culture. Anti-leptin immunofluorescence was function and relaxin to promote parturition (Smithberg and Runner, 1957) . Recently, Chehab et al. (1997) observed that the onset of reproductive capacity and the attendant maturation of the reproductive tract were accelerated by up to 9 days in prepubertal mice injected with leptin. Chehab et al. (1997) suggested that, in addition to its role in the normal reproductive physiology of the adult mouse, this factor may also act as a trigger for puberty. The present study examined whether the human ovarian follicle is a site of leptin synthesis, whether quantitative differences in leptin concentrations occur in women undergoing IVF, and whether such differences may be related to outcome after embryo transfer. For the 26 women included in this study, the concentration of leptin in serum and follicular fluid at ovum retrieval was patient-specific and unrelated to (i) BMI, (ii) the quantity of FSH administered during the follicular None of the patients included in this study had hypothalamic dysfunction or weight disorders. Indeed, for several patients, positive for all nine metaphase II stage oocytes that were the leptin concentration in maternal serum at ovum retrieval intentionally not inseminated and prepared for immunostaining was in the range normally found in the serum of obese women at the time of follicular aspiration (Figure 4) . Figures 5-7 (Considine et al., 1996) . Outcome after embryo transfer also are negative immunofluorescence controls of granulosa cells, appears to be unrelated to leptin concentrations in follicular cumulus oophorus cells, and MII-stage oocytes respectively. fluid because pregnancies occurred in patients with both A total of 104 normal-appearing 6-8 cell stage embryos relatively low and relatively high mean follicular fluid leptin were transferred to 26 patients at 54-62 h after insemination.
concentrations. While the correspondence between an This resulted in 14 pregnancies (54%); two triplet, seven implanted embryo and the follicle of origin was unknown, twin, and five singleton births. There were no biochemical retrospective analyses of 93 transferred embryos and the pregnancies or miscarriages in this cohort. Leptin concentrafollicular fluids from which they were retrieved did not indicate tions had been determined for 93 of the corresponding follicular a specific leptin value that was associated with a higher or a fluids and showed no specific correlation between concentration lower implantation potential. and outcome (Table I) . However, of the 12 women who
The presence of leptin in follicular fluid suggested the failed to conceive, six showed no change in serum leptin possibility that the pre-ovulatory follicle itself may be a concentrations between ovulation induction and follicular significant source of this hormone during the luteal phases of aspiration. In contrast all 14 pregnancies were associated with the menstrual cycle. Our findings support this notion by a two to three-fold increase in serum leptin. The association demonstrating the expression of leptin in the granulosa and between outcome and an increase in serum leptin concentration cumulus oophorus cells of stimulated, fully-grown, preafter ovulation induction with HCG was statistically significant ovulatory follicles. While follicle-specific leptin concentrations (t ϭ 4.782, df ϭ 24, P Ͻ0.05).
did not appear to be associated with the implantation potential of the corresponding embryo, the magnitude of the post-HCG increase in maternal serum leptin concentration may be related Discussion to outcome after embryo transfer. Typically, a 2-3-fold increase Leptin is a 16 kDa hormone secreted by adipose tissue which in leptin concentration was observed in maternal serum in the appears to control body weight by signalling the size of the 37 h interval between the administration of an ovulatory dose adipose tissue mass (Maffei et al., 1995) . Our earlier finding of HCG and ovum retrieval. This increase occurred in 20 of that the leptin receptor (B219) is present in normal human the 26 women included in this group of patients, and in all 14 ovaries suggested that leptin may also have a role in the IVF cycles that resulted in pregnancy. Six women showed reproductive physiology of this organ (Cioffi et al., 1996) . A little or no increase in serum leptin concentrations after direct role for leptin in the regulation of mammalian reproducovulation induction and none conceived after the transfer of tion has been proposed by Chehab et al. (1996) working with embryos (four per patient) that appeared developmentally and mutant mice deficient in leptin (ob/ob) which are both grossly morphologically indistinguishable from those which in other obese and infertile. Fertility in ob/ob animals can be restored patients resulted in pregnancy. The present findings indicate by the administration of recombinant leptin (Chehab et al., that a post-HCG rise in serum leptin is associated with a 1996), or by alternative methods such as ovarian transplantation higher potential for pregnancy (P ഛ0.05). This rise may be of to normal surrogates, or treatment with gonadotrophic hormones followed by progesterone to support normal uterine developmental significance during the pre-and post implant- ation stages, especially if leptin values continue to increase as that regulation of fat metabolism is only one of several (pleiotropic) influences this factor can have on cell function pregnancy progresses.
Recent findings that leptin receptors are expressed on a (Mikhail et al., 1997) . For example, the persistence of pregnancy in ob/ob mice requires the administration of leptin variety of adult and fetal tissues (Cioffi et al., 1996) indicate
